ABSTRACT: This study uses atomic force microscopy (AFM) force− deformation (F−Δ) curves to investigate for the first time the Young's modulus of a phospholipid microbubble (MB) ultrasound contrast agent. The stiffness of the MBs was calculated from the gradient of the F−Δ curves, and the Young's modulus of the MB shell was calculated by employing two different mechanical models based on the Reissner and elastic membrane theories. We found that the relatively soft phospholipid-based MBs behave inherently differently to stiffer, polymer-based MBs 
■ INTRODUCTION
Microbubbles (MBs) are widely used in the medical field in activities ranging from therapeutic imaging to drug delivery. In the early 1970s, biocompatible contrast agents began to be investigated as a tool for enhancing ultrasound imaging, 1, 2 which is now a standard procedure used to visualize real time blood flow. Currently, MBs are being used for tumor visualization, providing excellent ultrasound imagery of damaged areas that contain high blood concentration. 3, 4 Promising results from this imaging mode that show accurate monitoring of the angiogenic process of cancer and the corresponding therapeutic interventions may have significant implications in patient management, suggesting a reduction in the time scale for treatment decisions from months to days, thus potentially reducing mortality rates. 5 As MBs were designed for use as contrast agents, a great deal of research has been conducted into their behavior under diagnostic ultrasound. 6 In order to work efficiently as contrast agents for ultrasound imaging, inert MBs contain gases that create low-density regions in the bloodstream. The pressure difference causes an increase in radial oscillation when diagnostic ultrasound waves are applied. 7, 8 MBs have been proven to be suitable for the visualization of the vascular bed of various tissues, such as the heart, 9 the liver, 10 the kidney, 5 and others, with several diagnostic applications increasingly used routinely in the clinic. Using this high-precision imaging technology, methods of drug delivery can be envisaged based on the concept of "magic bullets". 8 MBs can act as a scaffold to which drugs or genes can be constrained in a number of ways: in the inner area, within or attached to the membrane, or bonded noncovalently with the outer surface 11 by methods such as layer-by-layer assembly. 12, 13 Diffusion or degradation methods may be used to release the cargo; 12 for instance, once the preloaded MBs have reached the desired location in the body, the applied ultrasound frequency and/or acoustic power can be adjusted to induce MB collapse and, where appropriate, assist drug uptake through membrane sonoporation.
14 This efficient, noninvasive method of drug (and gene) delivery has been proven to reduce the required drug dosage, as it is only being administered to the target location, rather than affecting the entire body. 15 Furthermore, if this procedure is used to deliver cytotoxic drugs, the potential hazard to the patient may be significantly reduced. 16 Such a localization technique has the potential to replace systemic medical treatments, such as wholebody chemotherapy. Recent studies are investigating the possibility of dual modality and multifunctional MBs, where imaging, targeting, and therapeutic agents would be combined in a single bubble. 17 To this end, a full understanding and characterization of the MBs is necessary in order to ensure benign practices. 18 The development of this technology is dependent on building an understanding of the mechanical properties of the MBs in addition to their acoustic behavior. Various techniques to elicit a deformation of MBs are available such as micropipet aspiration 19, 20 or osmotic swelling, 21 but it is the development of atomic force microscopy (AFM) which has provided us with the ability to measure the mechanical response of MBs with nanoscale force resolution. AFM has already provided insights into the mechanical behavior of polyelectrolyte microcapsules 22 and other soft particles 23 in the size range of ultrasound contrast agent (UCA) MBs. We have previously introduced AFM as a powerful tool for the investigation of polymer-based MBs, conducting a detailed investigation into the nanomechanical properties and behavior of MBs with a view to evaluating their Young's moduli. 24, 25 These studies revealed important information about the nanomechanical properties of MBs; in ref 24 , in particular, we showed results which explain a possible cause of a failure of UCA technology. Using AFM, we found a variation of the Young's modulus of the shell with thickness at the nano scale, which contradicts the presumption that the Young's modulus is a constant material property, independent of size or shape. However, this finding is specific for polymeric MBs; it does not imply that other thin shell structures based on different materials will behave in the same way, and other types of MB must be investigated for possible nanoscale size-dependent effects.
Phospholipid-coated MBs are a promising alternative material to meet the difficult environmental conditions required for the MB to remain in liquid solution (the blood) without failing for a designated time period (blood half-life). 8 Lipids form very flexible membranes, which can be stabilized against factors such as temperature, pressure, concentration, and composition of gas. 8 Our own initial work on phospholipid MBs focused on MB imaging 26 and force measurements exploring stiffness and adhesive properties, as well as exploring the possibility of phospholipid MB targeting via avidin−biotin surface chemistry. 27, 28 Recently, AFM has been used by others to measure the stiffness of in-house fabricated lipid coated MBs 29 and also to investigate the effect of temperature on their viscoelastic behavior. 30 The (intrinsic) mechanical properties of the phospholipid shell of MBs have yet to be accurately specified; however, studies exist measuring the properties of similar phospholipid membrane systems, such as vesicles, cells, and supported lipid bilayers. Many previous studies have investigated the mechanical properties of phospholipid vesicles, 19,21,31−33 which can be found in more than one size scale, with diameters from <100 nm up to the micrometer range and are filled with incompressible liquid rather than gas. The membrane of a living cell is composed of phospholipids and cholesterol, and in addition to incompressible liquid, cells also contain organelles and cytoskeleton which may affect their mechanical behavior. A great deal of research into cell mechanical properties has been carried out, relating to both membrane properties 34−36 and global cell properties.
36−38
Supported lipid bilayer systems exploit the useful properties of the phospholipid membrane while removing the influence of the spherical geometry of a MB. This study uses force spectroscopy data gathered with an AFM to analyze the mechanical properties of Definity MBs. In particular, we evaluate the MB stiffness (k b ), the Young's modulus (E) of the phospholipid shell, and also the wholebubble effective Young's modulus. The gradients of force− deformation (F−Δ) curves are used to calculate the stiffness of the MBs and specific mechanical models are used for the calculation of the Young's moduli. Two of the three mechanical models chosen for this study extract the Young's modulus of the MB shell; the third calculates the effective Young's modulus of the whole MB as a homogeneous sphere. The models are described, and the results of our analysis are presented. The suitability of each of the three mechanical models is then discussed within the context of existing literature describing similar and comparable systems such as vesicles, cells, and lipid bilayers.
■ THEORY
The stiffness (k b ) of each MB is obtained from the gradient of the F−Δ curves, where according to Hooke's law, k b is a function of the force (F) divided by the MB deformation (Δ), i.e.
As mentioned above, three different mechanical models evaluating Young's modulus were investigated:
Reissner Theory. This analytical solution for the mechanical behavior of shallow spherical caps 39, 40 has shown to provide a good approximation for small linear deformations. Elsner et al. 41 showed by AFM force spectroscopy measurements of polymeric shells that in contradiction to Reissner's assumptions, the theory can apply to systems having non-pointlike loads and over large contact areas. This theory was used in studies on polymer microbubbles, 24, 25 microcapsules, 42 and phospholipid vesicles, 31, 43 when a linear relation was observed at the initial stage of the F−Δ curves. The Young's modulus (E) of the MB shell is evaluated using the thickness (t), Poisson's ratio (ν), and the relative deformation (ε = Δ/D), where D is the initial diameter.
Elastic Membrane Theory. Lulevich et al. 35 derived the elastic membrane theory by treating polyelectrolyte microcapsules as spherical membranes filled with an incompressible fluid. This required two assumptions: that the membrane be impermeable, i.e., the volume remains constant, and that the pressure be homogeneously distributed across the membrane.
This model assumes that the total pressure transduced to the membrane shell can be balanced entirely by the stretching and bending deformation of the membrane. The forces associated with these deformations are functions of the material properties of the membrane, the geometry, and the elastic deformation of the shell described by the relative deformation. It also assumes that the majority of the capsule remains spherical but the contact regions at the top and bottom of the thin shell sphere flatten and deform, which has been demonstrated to be a valid assumption. 35 The full form of the elastic membrane theory is composed of a stretching term F stretching = (2πtR 0 Eε 3 )/(1 − ν) and a bending term F bending = (πt 2 E√ε)/(2√2), 35 the ratio of which is given by the equation
In cases where the ratio of the shell thickness (t) and the initial MB radius (R 0 ) is very small, the bending term can be ignored and the Young's modulus of the shell can be determined from the gradient of the linear part of a F−ε 3 curve.
Hertz Theory. Hertz theory provides a general solution for the elastic deformation of two homogeneous, smooth spheres in contact; 44, 45 though it may be adapted for other geometries such as sphere−plate. 36 The Young's modulus can be obtained using the Hertz theory by taking the gradient of the linear part of the F−ε 3/2 curve.
The assumption of homogeneity means that a Young's modulus calculated by this method is an "effective" Young's modulus of an equivalent-sized homogeneous sphere, rather than a shell structure. This is in contrast to the other two theories which both evaluate shell properties.
■ MATERIALS AND METHODS
Materials. This study uses Definity MBs (Lantheus Medical Imaging, Inc., N. Billerica, MA). Definity MBs are enclosed by a phospholipid shell, comprising three different types of phospholipids: dipalmitoylphosphatidylcholine (DPPC), dipalmitoylphosphatidic acid (DPPA), and dipalmitolyphosphatidylethanolamine−PEG5000 (DPPE−PEG5000). All the lipids are saturated, and in order to improve stability, the MBs are negatively charged. 8 The Poisson's ratio was assumed to be 0.5 (highly elastic), which is in agreement with similar studies. 31, 34, 36 The reported thickness values for Definity vary from 1 to 4 nm. 46−50 We have assumed a shell thickness of 5 nm, which includes an allowance for a PEG mushroom structure in addition to the phospholipid membrane thickness. 51 Sample Preparation. Since the AFM experiments require the interrogated objects to be still, the MBs were attached to Petri dishes coated with a film of poly-L-lysine (Sigma-Aldrich Co., St. Louis, MO) formed by using a 1:10 solution of poly-L-lysine (v/v) in ultrapure deionized water with resistivity of 18.2 MΩ cm. The MBs are buoyant and will therefore float in a water suspension, so adsorption was achieved by positioning the poly-L-lysine-coated dishes inverted on top of a MBs suspension in order to bring them into contact with the floating MBs. The preparation process ensured that the MBs adhered to the dish were at all times wetted to minimize structural or mechanical damage. All measurements were performed with MBs attached to the bottom of Petri dishes within deionized water. 25 Atomic Force Microscopy−Force Spectroscopy. We used the molecular force probe (MFP-1D) (Asylum Research, Santa Barbara, CA), to perform accurate and precise force measurements. The MFP-1D is mounted on the inverted optical microscope (Nikon TE2000U, Nikon UK Limited, Surrey, U.K.) in order to allow the placement of the MBs below the cantilever before the force measurements. Optical images were captured with a digital camera (Orca-ER C4742-80, Hamamatsu Photonics, Hamamatsu, Japan) attached to the optical microscope. Image analysis software, IPLab v3.7 (BD Bioscience Bioimaging, Rockville, MD) was used for image processing in the PC that was connected to the camera. Using a 60× objective, it was possible to measure the MB diameter (D) with less than/about halfmicrometer accuracy. 25 The MB diameters recorded during the experiment were between 2.1 and 4.2 μm.
For this study we carried out the force spectroscopy using tipless/ flat cantilevers (Mikromash, Tallinn, Estonia) with aluminum back coating and spring constants, k c , 0.25 and 0.07 N/m to investigate the MB deformation caused by small compressive loads, i.e., before the onset of permanent deformation. This technique uses the tipless cantilever, moved by a piezoelectric device, to apply a compressive force to the MB. The cantilever surface is placed parallel to the Petri dish so that the force is exerted close to the MB's poles; though an exact parallel configuration cannot be guaranteed. The cantilever speed during approach/retraction is kept constant at ∼6 μm/s. 25 A laser beam is reflected off the end of the cantilever onto a position-sensitive photodiode, which records the vertical deflection of said cantilever. The deflection is caused by normal reaction to the compression of the MB surface. The raw data obtained from the MFP are the measurement of the piezoelectric vertical position and the deflection of the cantilever. The compressive force F, which is applied to the MB, is the product of k c and the deflection of the cantilever. The deformation of the MB can be found from the difference between the piezoelectric actuator position and the deflection of the cantilever, i.e., the parameters measured by the MFP-1D. The values, which are now independent from the cantilever deflection, can be plotted into force− deformation curves, or F−Δ curves, which are used to evaluate the effective stiffness of the MBs. The MBs usually returned close to their original height and therefore shape after cantilever retraction, indicating that the deformation is mainly elastic; it is therefore possible to apply multiple compressive forces to the same MB in order to check the repeatability of the behavior. For this study, only the approach curves have been used in the analysis, earlier work having shown that this to be an appropriate methodology; 24, 25 however, the complete experimental data includes an approach curve and a retract curve. The retraction curves were inspected to ensure that minimum adhesion was generated by the contact between cantilever and MB. This in conjunction with the repeatability of the deformation profile of the MB over multiple measurements indicates that no shell material was lost or adhered to the cantilever during the experimental procedure.
The cantilever was initially set up to be relatively distant from the MB (∼3 μm), so that the cantilever was not disturbed by any interaction between the two bodies. 52 The contact between the MB and the cantilever commences at the inflection point of the curve. It was important to accurately determine this initial contact point, i.e., the point of the first measurable force. During the experiments, the measured cantilever deflection was varied; i.e., a range of forces were applied to each MB. The initial force was kept low to prevent MB damage and then varied. The force applied to the MBs ranged between 5 and 56 nN, which is a deformation between approximately 160 nm and 1 μm. This equates to a maximum ε between 0.05 and 0.35. Typically, the initial region of the F−Δ graphs showed a nonlinear relationship due to roughness and surface forces such as electrostatic double-layer and van der Waals forces. 53, 54 Hence, the initial deflection was not taken into account when calculating the shell stiffness. In each case, the region used for a fitting was selected visually and confirmed to be linear when the R 2 value of the linear fit over that region exceeded 0.98. In order to be considered viable for analysis, a curve was required to have more than 125 data points and the linear region used for fitting had to exceed 90 data points. If these two criteria were not met, the curve was deemed unsuitable for further analysis. The stiffness of each MB (k b ) was calculated from the gradient of corresponding F−Δ curves (according to eq 1). Furthermore, we plotted the F−ε, F−ε 3/2 , and F−ε 3 curves in order to evaluate the Young's modulus based on the Reissner, Hertz, and elastic membrane theories, respectively. Unless otherwise stated, statistical uncertainty is taken to be one standard deviation of the measured data set. Reissner Theory. Figure 3a shows a typical F−ε curve, not linear initially, however becoming linear at approximately ε = 0.03 and remaining so up to approximately ε = 0.13. The gradient of this linear region was used to evaluate the Young's modulus of the shell according to the Reissner theory (eq 2), yielding a value of 570 MPa.
Over the data set of 10 bubbles, the linear region was located between ε = 0.024 ± 0.017 and ε = 0.121 ± 0.047. The Young's modulus of the MB shell calculated using this method was between 302 ± 27 MPa and 854 ± 68 MPa with an average of 558 ± 204 MPa (Figure 3b) .
Elastic Membrane Theory. In Figure 4a we present a typical F−ε 3 curvenot linear in the initial region but becoming linear with further deformation. The linear region begins at approximately ε 3 = 0.000 858, or ε = 0.095, and continues over the remainder of the curve to a maximum of ε 3 = 0.003 27, or ε = 0.148. The gradient of the linear part of the curve was calculated and substituted into eq 4. The Young's modulus of the MB shell calculated from this curve was found to be 21 MPa.
In the analysis of the whole data set, there were few cases where the deformation range within the linear region was not sufficiently large to facilitate analysis, and noise and large fluctuations were predominant. Such curves were therefore discounted, leading to one MB being excluded from the elastic membrane analysis. In two cases, when analyzed with elastic membrane theory the Young's modulus decreased over successive curves; in these cases, only the initial few curves were considered.
Over the data set of nine MBs, the linear region was located between ε = 0.122 ± 0.042 and ε = 0.188 ± 0.063. Analysis using this method yielded a shell Young's modulus of between 8 ± 2 and 38 ± 8 MPa with an average of 19 ± 9 MPa ( Figure   4b ). A possible positive correlation was noted between Young's modulus and MB size.
Hertz Theory. In Figure 5a , we present a representative F−ε 3/2 curve. The gradient of the linear region of the curve was determined and substituted into eq 5. The linear region begins at ε 3/2 = 0.002, which corresponds to a relative deformation of ε = 0.017. The curve remains linear until ε 3/2 = 0.046, or ε = 0.128. The effective Young's modulus calculated from this curve is 131 kPa.
Over the data set of 10 MBs, the linear region was located between ε = 0.043 ± 0.025 and ε = 0.164 ± 0.075. The effective Young's modulus for all the MBs calculated using this method was between 93 ± 10 and 233 ± 30 kPa with an average of 133 ± 59 kPa (Figure 5b) .
Hysteresis and Instabilities. Some of the MBs showed minor to moderate instabilities during a compression cycle, visible in the F−Δ curves as "steps" (Figure 6 ). After each step, the MB recovered and no permanent deformation was apparent. Often the following approach curve showed a residual (smaller) instability at approximately the same level of deformation. From Figure 6 it can also be noted that instabilities occurred during cantilever retraction. The width of the instabilities ranged from 0.4 to 2.9 nm.
All of the curves showed a small and reproducible hysteresis between the approach and retract sections of the F−Δ curves; however, when curves also showed instability this hysteresis was more significant. 
■ DISCUSSION
The maximum deformation of the MBs ranged between 160 and 1000 nm (ε max = 0.05−0.35). The maximum applied force on the bubbles was varied (5−56 nN) in order to investigate how maximum force affected the behavior of the MBs, though we did not observe any trend in the stiffness with increasing maximum load. We also did not see a trend for decreasing stiffness with increasing radius, as observed by McKendry et al. 29 for a system of in-house fabricated lipid coated MBs, although the range of stiffness values obtained are remarkably similar. 29 The range of small relative deformations we have used is similar to that reported in the study on T-cells (ε max = 0.3), 36 giant protein vesicles (ε max = 0.1), 31 and the deformation of polymeric MBs, before instabilities occur (ε max = 0.1). 24 The stiffness of 0.026 ± 0.010 N/m obtained for Definity MBs is slightly lower than the 0.054 ± 0.030 N/m reported for phospholipid-based MBs of similar size (BR-14) 55 but is of the same order. This is 1 order of magnitude lower than the values reported for protein-coated vesicles, 19 synthetic phospholipids, 21 and human erythrocyte cells 56 and is 2 orders of magnitude lower than observed for polyelectrolyte microspheres of similar diameter. 24 This finding indicates that we are dealing with very compliant MBs which may deform differently to previously investigated structures. It is possible that this low stiffness is due to the hollow nature of the UCAin other structures a liquid core may contribute to the overall stiffness.
Reissner Theory. Reissner theory is a linear theory applicable to the initial small deformation of the MBs. Definity MBs satisfy the requirement of the model that t/R be smaller than 1/20, 57 and the fitted regions have an average maximum relative deformation of ε = 0.121 ± 0.047, indicating that deformations can be considered small. Given that no major assumptions of the theory appear to have been breached, we can compare our result of a shell Young's modulus of 302−854 MPa with results from similar systems available in published literature.
Reissner theory has been used in several studies to analyze the deformation behavior of polymeric shells. In particular, Glynos et al. 25 experimented on polymeric thin shells (t = 40 nm and D = 5 μm) with a soft gel skin (10 nm thick) using atomic force microscopy (AFM). This study used Reissner theory for the analysis, and the resulting Young's modulus of the shell was found to be in the range of 1.5−3 GPa. Another study by Elsner et al. 41 on polyelectrolyte capsules (t ≈ 20−50 nm and D ≈ 16−20 μm) also used AFM and the Reissner theory for analysis and found a value of 294 ± 32 MPa. Dieluweit et al. 31 investigated bare and protein-coated giant unilamellar vesicles (GUV) (t = 4.3 or 4.5 nm and D ≈ 10−20 μm) using force spectroscopy and evaluated the shell Young's modulus with Reissner theory, which was found to be between 50 and 110 MPa. Despite the similarity between the shell materials of the GUVs and Definity MBs, our results exceed reported values for GUVs and other phospholipid systems 21 by 1 order of magnitude and are in fact considerably closer to values found for the much stiffer polyelectrolyte MBs. This leads us to the conclusion that the Reissner approximation produces overestimates which preclude it from being a useful model for the calculation of the Young's modulus of the shell of Definity MBs.
Elastic Membrane Theory. Our analysis with elastic membrane theory yielded Young's modulus values between 8 and 38 MPa. As previously described, the full form of the elastic membrane theory used in this study is composed of a stretching term and a bending term, the ratio of which is given in eq 3. From this ratio it can be predicted that as the deformation increases, the overall behavior is more dependent on the stretching term than on the bending term. The linear region of the F−ε 3 curve was observed to begin at relative deformations of 0.12 ± 0.04. The value for the thickness (t) in this study is assumed to be 5 nm, the Poisson ratio (ν) is 0.5, and the radius (R 0 ) is 1.05−2.1 μm. Substituting the appropriate values into eq 3, the bending/stretching ratio at the start of the linear region is generally less than 0.1, with a maximum value of 0.24. This indicates that we are considering regions where the stretching term will always be dominant and the bending term will tend toward being negligible, which is consistent with our use of the stretching term alone for fitting.
A possible correlation between bubble diameter and Young's modulus can be seen in Figure 4 , though whether this correlation is linear or more complex is not clear at this stage; further investigation and more data points would be required to fully characterize the dependence. A possible explanation for this apparent correlation could be found in our assumption of constant membrane thickness. If larger radius MBs actually have a thicker shell than their smaller radius counterparts, the observed Young's modulus of the larger MB shells would appear to be larger when our constant thickness calculation is applied. If we rearrange eq 4 to make the shell thickness (t) variable and fix the Young's modulus (E) at 20 MPa, the resulting shell thickness values range from 2 to 9 nm, which could imply structures from a single monolayer up to perhaps 2 bilayers plus a monolayer. The scarcity of measurements of the largest radius MBs means it is difficult to assess whether there are "steps" in the values which would point to a jump in thickness from 1 layer to multiple layers. An additional effect, particularly in the case of the smaller MBs, could be a modified conformation of the phospholipid molecules in response to the decreasing radius of curvature of the shell, leading to thinner shells which are also more compliant than thicker shells having a standard phospholipid layer conformation. A nonconstant shell thickness would also explain why there is no visible correlation between stiffness and bubble radius. As shell thickness is a difficult property to assess independently, our method may be a useful way to assess shell thickness based on F−Δ measurements, which are considerably easier to acquire.
Since the elastic membrane theory characterizes the Young's modulus of the MB shell, it is useful to compare our results with existing studies on lipid bilayers and membrane structures, while remembering that our MB shell may not be comprised of a single bilayer. Kunneke et al. 58 reported the Young's modulus for a supported lipid bilayers (SLB) of 1-palmitoly-2-oleoyl-snglycero-3-phosphoserine (POPS) as 20 MPa. This value was calculated from the observed sample stiffness and the relation by Sneddon 59 linking stiffness to Young's modulus. This value agrees well with our findings using membrane stretching theory. Other studies find differently, however. Sullan et al. 60 reported values between 50 and 190 MPa for dioleoylphosphatidylcholine/egg sphyingomyelin/cholesterol (DEC) bilayers. It is possible that these larger values can be attributed to the presence of cholesterol, which has been demonstrated to significantly increase the Young's modulus of phospholipid layers. 33 Ogawa et al. 61 carried out tensile tests to analyze segmented polyurethane as well as phospholipid polymers containing 2-methacryloyloxyethylphosphorylcholine (MPC); the size of the segments were 12.5 mm × 2.5 mm, and the thickness was 200 μm. In the molecule chain, MPC avoids cell adhesion and enhances biocompatibility and antithrombogenicity. The stress−strain curves showed a linear relationship for deformations up to 5%, so the Young's modulus was calculated using simple Hooke's law from the initial elastic region. The Young's modulus was given to be between 42 and 51 MPa for both materials. While this exceeds our findings, the results are of the same order of magnitude.
The single cell AFM compression study on living Jurkat T lymphoma cells 36 which have a similar t/R ratio to our system reports Young's modulus values of 10−30 MPa for the cell membrane, which fits well with our findings; however, a subsequent study on other lines of cells 34 reported much lower values for Young's modulus, 1.5−4.9 MPa. In the latter case, when relative deformation was large (ε max = 0.8) a high degree of blebbing was noticed during compression − a phenomenon not noted in cells with higher reported membrane Young's modulus − possibly indicating that these cells are not well described by elastic membrane theory alone.
Our results are at the lower end of the 14−194 MPa range yielded by other studies on phospholipid vesicles which used methods other than AFM, summarized by Rutkowski et al. 21 That study also evaluated the shell Young's modulus of spherical phospholipid vesicles, with a shell thickness (t) of 4 nm and a diameter (D) of 0.1 μm using osmotic swelling and applying the relation proposed by Li et al. 62 between the stress tensors, pressure, solute concentration, and geometry. Results of this study showed a Young's modulus of 50 MPa.
The GUV Young's modulus of 50−110 MPa gathered by AFM as reported by Dieluweit et al. 31 may exceed our results due to the protein coating on the vesicles which influences the properties of the bubble. Within that study, a change in protein coating altered the Young's modulus by up to 50%.
It is important to remember that this theory is designed for vesicles containing incompressible fluids, and Definity MBs are filled with gas, as noted earlier. Currently, no mechanical model exists which takes account of the compressible gas contained inside Definity MBs, but the agreement between our results and available literature would suggest that when the deformation is small, the gas is not compressed to an extent which would induce a change in MB volume. This being the case; shell mechanics alone can be used to predict MB properties. In addition, Grant et al. 30 observed a decreasing stiffness of lipidcoated MBs with increasing temperature, which is also consistent with the conclusion that the effect of the internal gas is neglible. We would therefore conclude for the calculation of the Young's modulus of the shell of Definity MBs that the membrane stretching component of the elastic membrane theory is appropriate.
Hertz Theory. Our results produced an effective Young's modulus between 93 and 233 kPa. The linear region of the F−ε 3/2 curves which could be used for analysis with Hertz theory commenced at very low ε = 0.043 ± 0.025 and persisted to ε = 0.164 ± 0.075. This was the most extensive of all the models used in this work and suggests that this model may describe MB behavior over the largest range of deformations (albeit remaining in the small deformation regime). No dependence of Young's modulus on bubble diameter was obvious from the data.
The Hertz theory describes the deformation behavior assuming the MB to be a homogeneous sphere rather than a shell, 36 and as such our results must be compared with other studies which calculate the effective Young's modulus of the whole structure. The results of the single cell compression study on T-cells (analogous to a semipermeable membrane) 36 which uses Hertz theory showed an effective Young's modulus of 4−7.5 kPa for dead cells and 150−230 kPa for fixed cells, the latter being close to our values. However, another study performed on endothelial and cardiac cells, which also used AFM and applied the Hertz theory calculated effective Young's modulus values of 7 kPa for endothelial cells and 100 kPa for cardiac cells. 38 This range of values, 1−100 kPa, is also found by other cell studies of different types of isolated cultured cells. 37 It should be noted that some studies made use of tipped cantilevers, therefore measuring the effective Young's modulus associated with indentation rather than whole cell compression. In general, these results are slightly lower than our values, but well within the order of magnitude and with some overlap of the ranges. A study on vesicles 32 reported values for effective Young's modulus from 0.2 to 1.3 MPa, analyzed using Hertz theory, which is somewhat larger than the values we have found; however, the diameters of the vesicles in this study were all <100 nmmuch smaller than our MBs.
The most obvious difference between the systems mentioned above and Definity MBs is the internal contents of the structures. The cells and vesicles are filled with minimally compressible liquid, and the cell nucleus and cytoskeleton may also contribute to the mechanical behavior of cells. However, the agreement between our results and the existing work on cell and vesicle systems analyzed with Hertz theory suggests that the effect of the internal gas on the mechanical properties of Definity MBs is small and that Hertz theory may be a useful tool to calculate the effective whole-bubble Young's modulus for applications such as the modeling of MB systems.
Hysteresis and Instabilities. Phospholipid MBs are widely accepted as viscoelastic materials, with recent research demonstrating that they display viscoelastic creep behavior when a load applied by AFM is held constant over the course of a few seconds. 30 For this reason, a degree of hysteresis in all curves is to be expected. Both the instabilities and the more pronounced hysteresis visible in curves which display instabilities can possibly be explained by the specific composition of the phospholipid shell. Kim et al. 63 demonstrated with TEM that phospholipid shells of similar composition to Definity form a polycrystalline grain structure and that deformations can be observed along the boundaries between adjacent grains producing small folds and creases in the surface at relatively low applied loads. We speculate that the instabilities we can see in our F−Δ curves may be explained by localized changes in the surface conformation due to a localization of stress, followed by relaxation. The most abundant phospholipid in Definity is DPPC, which has a carbon chain length of 16 . It has been demonstrated that materials comprised of C 16 chain molecules tend to behave in a viscoelastic manner with viscosity markedly dependent on surface pressure. 64 
■ CONCLUSIONS
In this work we have presented an experimental investigation of Definity ultrasound contrast agent MBs of diameter 2.1−4.2 μm using AFM techniques. The resulting F−Δ curves were used directly to calculate the stiffness of the MBs at small deformations. The resulting values range from 0.016 to 0.039 N/m. The Young's modulus of the MB shell was calculated using two different mechanical models, of which the membrane stretching component of elastic membrane theory was most suitable, yielding an average shell Young's modulus between 8 ± 2 and 38 ± 8 MPa. The deformation range under investigation and the similarity of our results with existing literature suggests that analysis using the membrane stretching component of the elastic membrane theory sufficiently describes the behavior of the MB shell without the need to incorporate membrane bending. A possible correlation between Young's modulus and MB diameter was noted in the case of membrane stretching which is attributed to variations in shell thickness and/or structure with size. This points to the need for further investigation in this area and suggests that this could be developed as a useful method to assess shell properties including thickness. Hertz theory was used to evaluate the effective Young's modulus of an equivalent homogeneous sphere having the same dimensions as the MB under test, yielding an average value of 133 ± 59 kPa. This is in broad agreement with values reported for the global Young's moduli of other phospholipid systems. While membrane stretching and Hertz theory show good agreement with existing values of Young's modulus for MB shell and global deformation behavior, respectively, it is noted that both theories are designed for a membrane surrounding incompressible fluid rather than the compressible perfluorocarbon gas encapsulated in a Definity MB. This leads us to conclude that the effect of gas pressure inside the MB does not significantly affect the mechanical properties of Definity MBs for small deformations. 
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